INTRODUCTION
Self-renewing NSCs drive neurogenesis within discrete regions of the adult mammalian brain. In the subgranular zone (SGZ) of the adult hippocampal dentate gyrus (DG), NSCs (also referred to as Type-1 cells) produce intermediate progenitor cells (IPs, that retain expression of stem/progenitor markers including the transcription factor Sox2 (Kempermann et al., 2004; Seri et al., 2001; Steiner et al., 2006) . At this stage, neuronal determination becomes apparent, with overlapping expression of the transcription factors Prox1, NeuroD1, and the structural protein Doublecortin (Dcx) (Type-2b) (Kempermann et al., 2004; Seri et al., 2001; Steiner et al., 2008) . These cells generate migratory neuroblasts (Type-3) that proliferate but exit the cell cycle before full maturation into granule neurons. Although recent evidence indicates that Sox2 is important for hippocampal NSCs, activating sonic hedgehog and regulating Wnt activity, the mechanisms controlling DG NSC maintenance and differentiation are not well understood (Favaro et al., 2009; Kuwabara et al., 2009) . This is partially due to the fact that NSC identity and the exact neurogenic lineage in the DG has not been fully elucidated. Astrocytes with radial morphology reminiscent of embryonic radial glia are NSCs in the SGZ (Seri et al., 2001 ), but recent data suggest that a second morphologically distinct NSC population exists (Steiner et al., 2006; Suh et al., 2007) . Although both express Sox2 and brain lipid binding protein (BLBP), the exact functions and fates of radial and nonradial putative NSCs in the DG are not known.
Generation of DG granule neurons is a dynamic and regulated process. Under physiological conditions, neurogenesis is controlled at the level of proliferation, differentiation, and survival of newly generated cells and can be modulated by pathologies (Zhao et al., 2008) . Whereas physical activity and seizures strongly increase proliferation Parent and Murphy, 2008) , aging is associated with an exponential decrease in DG neurogenesis (Ben Abdallah et al., 2010; Kempermann et al., 1998; Kuhn et al., 1996; Steiner et al., 2008) . There is evidence that different neurogenic stimuli and pathological situations affect cells at different stages of neurogenesis Petrus et al., 2009; Steiner et al., 2008) . However, whether distinct NSC populations respond differently to these external stimuli, the mechanisms involved and whether they share common molecular pathways for maintenance and differentiation are unknown.
Notch activity is fundamental for maintaining embryonic NSCs in an undifferentiated state (Louvi and Artavanis-Tsakonas, 2006) , suppressing proneural gene expression , and supporting progenitor survival (Androutsellis-Theotokis et al., 2006). In addition, Notch receptors regulate cell fate by promoting astrocyte differentiation, inhibiting oligodendrocyte maturation, and regulating neuroblast migration and neurite morphology (Breunig et al., 2007; Louvi and Artavanis-Tsakonas, 2006; Sestan et al., 1999) . These diverse roles of Notch are a combination of canonical and noncanonical pathways. The canonical Notch signal links the transmembrane receptors to a nuclear CSL (RBP-J in mice) transcriptional complex (Mumm and Kopan, 2000) . Although both NSCs and IPs respond to Notch activation in the developing neural tube, the canonical pathway (Mizutani et al., 2007) and the Notch target gene Hes5 in particular (Basak and Taylor, 2007) are restricted to embryonic NSCs.
Notch1 has been implicated in adult hippocampal neurogenesis and modulates dendritic arborization in newborn neurons (Breunig et al., 2007; Sibbe et al., 2009) . However, it is unknown whether different pathways downstream of Notch are involved in these diverse effects at specific stages of hippocampal neurogenesis. Here we show that canonical Notch signaling (Hes5::GFP) is restricted to NSCs functionally segregating the most primitive Sox2 progenitors and distinguishing them from IPs (Type-2 cells), neuroblasts (Type-3 cells), and neurons. Surprisingly, multiple morphologically distinct NSC (Type-1 cells) populations in the DG show dependence on canonical Notch signaling and are differentially regulated by physiological and pathological stimuli. These findings suggest that at least two distinct NSC populations in the SGZ share Notch dependency but show divergent properties in the normal and pathological hippocampus.
RESULTS

Hes5::GFP Expression Distinguishes Early Progenitors from More Differentiated Cells
Transgenic mice expressing GFP under the control of regulatory elements of Hes5 report canonical Notch signaling and selectively mark NSCs in the embryo (Basak and Taylor, 2007) . Notch1 is expressed by both progenitors and differentiated cells in the DG (Figure S1A available online). We examined Hes5::GFP + (GFP + ) cells in the DG to determine the cellular specificity of canonical Notch signaling. GFP + cells and Hes5 are localized mainly to the SGZ, consistent with being progenitors within the neurogenic niche ( Figure 1A ; Figures S1A-S1D; Stump et al., 2002) . Radial astrocytes spanning the granule cell layer are putative DG NSCs (Filippov et al., 2003; Seri et al., 2001 ). However, SGZ GFP + cells have both radial (54%) and nonradial (46%) morphologies, indicating that the Hes5 + population is heterogeneous ( Figures 1B and 1C) . Recent data indicate that Sox2 + cells in the SGZ with horizontal processes also display NSC characteristics (Steiner et al., 2006; Suh et al., 2007) . In support, most Hes5::GFP + cells express the progenitor markers Sox2 (82%), BLBP (74%), and Nestin and the astroglial protein glial fibrillary acid protein (GFAP; 66%) and this independent of their morphology (Figures 1D-1H ; Figures S1B-S1D and Table S1 ). Thus, Hes5::GFP + cells express markers in common with NSC and display radial and horizontal morphologies suggesting at least two populations of progenitors in the SGZ. Interestingly, GFP + cells constituted only a fraction of the SGZ Sox2-, BLBP-, and GFAP-expressing cells, indicating restriction of Hes5 expression within these populations ( Figure 1I ; Figures S1B and S1C).
Transcription factor expression in the DG, including the proneural gene Mash1 (Ascl1), defines the progression from stem cells to IPs (Kim et al., 2008; Roybon et al., 2009 Figure 1L ; Table S1 ). However, Dcx + neuroblasts were often clustered with GFP + progenitors ( Figure 1L ). GFP + cells in the SGZ do not express the mature astrocyte protein S100b and only rare GFP + S100b + cells can be found at the granule/molecular layer interface ( Figure 1M , asterisk). Collectively, these data indicate that Hes5 expression in the SGZ marks morphologically distinct subpopulations of early progenitor cells and distinguishes them from IPs, neuroblasts, and neurons ( Figure 1N ). Figure 1H ), only some of these are in the cell cycle (PCNA + ) and incorporate BrdU during a 1 day pulse; the rest are quiescent (PCNA À ) ( Figures 2D and 2E) . We examined the proliferating GFP + cells and found that they account for 1/3 of the total mitotic SGZ cells ( Figure 2F ; Table S2 ) and express Sox2 and BLBP. In contrast, proliferating GFP À cells constitute partially overlapping Sox2 + , BLBP + , and Dcx + populations ( Figure 2G ; Table S2 ). These data suggest that Hes5::GFP marks a more restricted and undifferentiated population than Sox2 and BLBP ( Figure 2G Figure 2H ; Table S3 ). These data support the hypothesis that GFP + progenitor cells are at the beginning of the neurogenic lineage and give rise to more committed cells.
Hes5::GFP + Cells Are Self-Renewing and Multipotent NSCs DG NSCs self-renew and expand in vitro (Babu et al., 2007; Suh et al., 2007) . We sorted adult DG cells based on GFP expression and found that they are <6% of the total ( Figure 2I ), which is in agreement with our in vivo analyses. GFP + cells grew in culture and could be expanded >30 passages, demonstrating extended self-renewal capacity, and most expressed Sox2, Nestin, and were almost undetectable in the SGZ and this was independent of radial or horizontal morphology. Moreover, proliferation in the SGZ had been abolished ( Figure S2 ). By following the progeny of recombined progenitors, we found a dramatic reduction in neurogenesis (data not shown). This is in agreement with the previously reported role of Notch1 in the DG (Breunig et al., 2007) and confirms the specificity of the Hes5::GFP as a Notch reporter and marker of NSCs.
Hes5::GFP + Cells Include Active and Quiescent NSCs
Our results indicate that DG NSCs can be distinguished by the expression of Hes5 and both radial and horizontal NSCs depend on Notch/RBP-J signaling. Previous work suggests that radial progenitors in the SGZ are mostly quiescent (Steiner et al., 2006; Suh et al., 2007) ; however, it is not clear whether all horizontal progenitors are dividing or whether they can also be quiescent. Only 13% of GFP + cells express PCNA and incorporated BrdU during a 1-day pulse (Figures 3A-3D ; Table S2 ) and Table  S1 . Scale bars represent 50 mm in (A) and 10 mm in
proliferation correlated preferentially with a horizontal morphology (16% dividing and 84% quiescent; Figure 3C ). In contrast, very few GFP + radial cells proliferate under normal conditions (4%; Figure 3C ). Thus, we have identified three Hes5 + NSC populations: (1) a largely quiescent radial population;
(2) a quiescent horizontal population; and (3) an actively proliferating horizontal population ( Figure 3E ). S phase label retention has been used to identify stem cells with prolonged cell cycle reentry times and is often referred to as a stem cell characteristic (Cotsarelis et al., 1990; Tumbar et al., 2004; Zhang et al., 2003) . We performed a cumulative 15 day BrdU labeling and found that BrdU-labeled cells increased to 26% of the GFP + cells, indicating that mitotically inactive cells must have entered the cell cycle during this period (Figures 3A, 3F, and 3G; Table S2 ). The proportion of the GFP + cells that were PCNA + BrdU + did not change during this time and GFP + BrdU + PCNA À cells accumulated ( Figure 3G ; Table S2 ), so mitotically active (PCNA + ) GFP + cells divide but can exit the cell cycle to become PCNA À and quiescent. To confirm that these cells were indeed dividing slowly, we administered BrdU for 15 days followed by a 30 day chase. GFP + label-retaining cells were found in the SGZ. Some were PCNA + and had either remained in the cell cycle but divided infrequently with a protracted cycle length or exited the cell cycle and reentered later ( Figure 3H ). Hence, Hes5::GFP + NSCs can be active or quiescent. Even slow dividing NSCs should go through multiple rounds of cell cycle. To check for S phase reentry, we used a double thymidine analog incorporation assay and administered chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU) 6 days apart ( Figure S3A ; Breunig et al., 2007) . CldU IdU double-positive cells indicated that label-retaining cells divide slowly or infrequently, entering S phase on day 0 and day 6 ( Figure S3B ). Most GFP + CldU-retaining cells had a horizontal morphology (92%); however, only a few had reentered the S phase on day 6 and incorporated IdU ( Figures S3C and S3D ). Confirming our previous findings, radial CldU + cells that also incorporated IdU or expressed PCNA on day 6 were extremely rare, precluding quantification ( Figures S3E and S3F Tables S2 and S3 
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NSCs undergo more than one round of cell divisions (at day 0 and day 6) without diluting the CldU label. We analyzed the kinetics of GFP + cells that leave or reenter the cell cycle over time. Proliferating cells were labeled with CldU and allowed to exit S phase during a 1 day chase period (Figure 3I ). Subsequently, we followed the mitotic status of the GFP + cells via a cumulative IdU label for 10 days and PCNA expression. Only 0.3% of radial GFP + cells had incorporated CldU + at day 2, confirming their relative quiescence. By contrast, 5% of the horizontal GFP + cells had incorporated CldU ( Figures  3I-3L ). We focused on horizontal cells in the subsequent analyses. The proportion of CldU + GFP + cells decreased with time,
indicating that these cells either underwent multiple rounds of cell cycle, diluting the CldU over time, or differentiated and became GFP À ( Figure 3L ; Table S4 ). However, some horizontal GFP + cells retained CldU even 11 days after labeling (0.8% at day 11; Figure 3L ). This suggests that they had either left the cell cycle or divided infrequently. To examine the dynamics of cell cycle exit, we quantified CldU + cells in combination with PCNA expression. All CldU-retaining GFP + cells were PCNA + and still in the cell cycle after 2 days, but most were PCNA À by day 11 (Figures 3J and 3L ; Figure S3G) Figure 3L ; Figure S3I ). However, some GFP + CldU label-retaining cells incorporated IdU between day 6 and day 11 ( Figure 3L ), indicating that they divided, although infrequently enough not to dilute the CldU. As BrdU incorporation during 24 hr and PCNA label the same pool of cells ( Figures 3A and 3B) , mitotically active GFP + cells enter S phase within a 24 hr period. Interestingly, the proportion of GFP + cells that had incorporated IdU + at day 2 was higher than the CldU + proportion at this point ( Figure 3L) . Therefore, the IdU + CldU À GFP + cells were quiescent during the CldU pulse Tables S2 and S4 . Scale bars represent 10 mm.
Distinct Stem Cells in the Adult Dentate Gyrus and entered the cell cycle between day 1 and day 2 ( Figure 3L ). Together, all these data and the observation that GFP + cells can incorporate both CldU and IdU administered with a 6 day temporal separation (Figures S3A-S3E ) suggest that some Hes5::GFP + cells can exit the cell cycle and reenter later.
A functional readout of slow-dividing cells in the adult brain is the ability to survive treatment with antimitotic drugs such as Cytosine b-D-arabinofuranoside (AraC) (Doetsch et al., 1999; Seri et al., 2001) . Intracranial administration of AraC ( Figure S3L ) reduced BrdU incorporation in the DG, indicating that actively dividing cells had been eliminated ( Figure 3M ). Radial and horizontal GFP + cells survived the treatment, confirming a long cell cycle or quiescence ( Figure S3M ). Upon removal of AraC, GFP + cells entered the cell cycle within 12 hr but their density did not change significantly during regeneration (Figures 3N  and 3O ; Figure S3M ). Thus, GFP + cells participate in regeneration of the neurogenic SGZ and their number remains constant, probably undergoing asymmetric divisions to generate GFP À cells. Intriguingly, although both radial and horizontal cells survived the AraC treatment, most of the GFP + cells that proliferated during regeneration had a horizontal morphology (Figure 3P) . Therefore, the horizontal GFP + population in the SGZ includes slowly dividing regenerative NSCs. Radial GFP + NSCs Table S5 . Scale bars represent 50 mm in (B) and (C) and 10 mm in (G).
remain mostly quiescent after AraC treatment and are not activated by injury.
Quiescent Radial NSCs Respond to Physiological Neurogenic Stimuli
Adult neurogenesis is dynamically regulated by a variety of physiological and pathological factors (Zhao et al., 2008) . However, it is not always clear whether changes in neurogenesis are a NSC response or rather adaptations in proliferation and survival of other cell types or a combination of these effects. Because of the overlapping expression of current lineage markers in the DG (Sox2, GFAP, Nestin, Mash1, Dcx, and NeuN; Figure 1N ) and the unresolved identity of the NSC, these questions remain open. We tested whether the Notch-dependent NSCs in the SGZ respond directly to known modulators of adult neurogenesis and whether quiescent and active NSC subpopulations behave differently.
Physical activity enhances generation of DG neurons by inducing proliferation of radial Sox2 + progenitor cells and neuronal precursors Steiner et al., 2008; Suh et al., 2007; van Praag et al., 1999b) . In previous experiments, we focused on Nestin::GFP expression and did not find a specific effect on radial Type-1 cells after exposure to physiological stimuli (Steiner et al., 2008 ). Here we focused on the Hes5 + subpopulations and, in agreement with previous data, found that PCNA is increased and more GFP + cells proliferate in runners (Figures 4A-4E) . Thus, Notch-dependent NSCs proliferate in response to physical activity ( Figure 4E ; Figure S4A and Tables S5 and S6) . Interestingly, the different GFP + NSC subpopulations responded differently to exercise.
The proportion of PCNA + horizontal Hes5 + cells did not change but running induced more quiescent radial Hes5 + NSCs to enter the cell cycle ( Figure 4F ; Figure S4B ). In contrast to sedentary animals, the majority of the proliferating GFP + cells after physical exercise are radial ( Figure 4F ; Figure S4B ) and the ratio of radial to horizontal or the density of GFP + cells did not change, suggesting that running promotes asymmetric cell division of radial NSCs to generate GFP À progeny (Figures 4H-4J ). This suggests that running specifically recruits quiescent radial GFP + NSCs to the active pool without affecting the horizontal GFP + populations.
Quiescence of Horizontal NSCs Accounts for Impaired Neurogenesis in Aging
Hippocampal neurogenesis is greatly reduced in aging (Ben Abdallah et al., 2010; Jessberger and Gage, 2008; Kuhn et al., 1996) and this might correlate with some age-associated cognitive deficits. It is not known whether the decrease in neurogenesis with age is the result of a loss of NSCs. Proliferation is dramatically decreased in the SGZ of aged ($1-2 years) versus young ($2 months) mice ( Figures 5A-5D ), and proliferation of GFP + cells is also heavily impaired, indicating that NSCs are directly affected ( Figure 5E ; Figure S5A and Tables S5 and S6) . Proportionally, proliferation of radial GFP + NSCs is significantly reduced in old mice even compared to the already low levels in young mice ( Figure 5F ; Figure S5B ). Proliferation of horizontal GFP + cells drops 4-fold with age, which accounts for the overall reduced proliferation of NSCs ( Figure 5F ; Figure S5B ). We addressed whether GFP + NSCs might be lost with increasing age, but the density of GFP + cells in the SGZ of aged animals is only slightly reduced compared to the young (Figures 5H  and 5J ; Table S5 ). Although most radial and horizontal GFP + cells remain in old mice and still express Sox2 ( Figure 5C ), the proliferative subpopulations are almost completely lost ( Figure 5F ). Thus, reduced neurogenesis with age is not due to a complete loss of Notch-dependent NSCs but rather their transition to a quiescent state.
Seizures Activate Both Radial and Horizontal Quiescent NSCs
Acute seizures dramatically induce abnormal production of DG neurons, which has been suggested to contribute to chronic epilepsy (Parent, 2007; Scharfman and Gray, 2007) . All progenitor cell populations in the SGZ seem to be affected by seizures, including the radial (Type-1) cells (Hü ttmann et al., 2003; Steiner et al., 2008) and disproportionately the neuroblasts (Type-3 cells) (Jessberger et al., 2005) . We addressed whether the Hes5::GFP + NSCs subpopulations are responsible for seizure-induced increases in neurogenesis. We administered kainic acid (KA) to Hes5::GFP + mice, an established experimental model of temporal lobe epilepsy, and observed increased proliferation in the SGZ 4 days later ( Figures  6A-6D ). Compared to controls, a greater proportion of the GFP + cells were proliferating, indicating that activation of Hes5 + NSCs contributes to increased neurogenesis after seizures ( Figure 6E ; Figure S6A and Tables S5 and S6 ). We analyzed Table S5 . Scale bars represent 50 mm in (A) and (B) and 10 mm in (C) and (G).
Cell Stem Cell
Distinct Stem Cells in the Adult Dentate Gyrus the subpopulations of GFP + cells and found that a fraction of radial cells had begun proliferating. Surprisingly, and in contrast to the running paradigm, seizures dramatically increased proliferation of horizontal GFP + cells ( Figure 6F ; Figure S6B ). Thus, although both radial and horizontal cells responded and divided more frequently, horizontal cells still constituted the majority of proliferating GFP + NSCs after KA ( Figure 6F) . Interestingly, the density of GFP + cells in the SGZ increased after KA ( Figure 6H ). We interpret this to be a symmetric expansion of the NSC pool that remains to be shown. Moreover, the ratio of horizontal to radial cells increased significantly ( Figures 6I and 6J) . Thus, seizures increase horizontal Notch-dependent NSCs, recruiting quiescent cells to expand the active horizontal subpopulation.
Quiescent NSCs Can Be Activated in the Aged Hippocampus
The degree of plasticity of the aged DG to reactivate neurogenesis is not clear. The DG of aged animals may be able to selectively respond to different neurogenic stimuli Kempermann et al., 2002; Rao et al., 2005 Rao et al., , 2008 van Praag et al., 2005) . We showed that reduced neurogenesis in old mice did not correlate with a complete loss of SGZ NSCs but a transition to a quiescent state. Thus, we addressed whether the remaining quiescent NSCs could be reactivated. t test: *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SD. Numbers are listed in Table S5 . Scale bars represent 50 mm in (B) and (C) and 10 mm in (G).
Because KA induced seizures activate both radial and horizontal NSCs in young mice, we tested this paradigm in aged mice ( Figure 7A ). Four days after KA injection, proliferation in the aged SGZ increased to the levels measured in young mice ( Figures 7B-7D ) and many more GFP + cells were proliferating compared to control animals ( Figure 7E ; Figure S7A and Tables S5 and S6 ). Both radial and horizontal GFP + cells responded to seizures, entering a proliferative state ( Figure 7F ; Figure S7B ). Interestingly, like in young mice, horizontal cells constituted the vast majority of proliferating NSCs cells after KA treatment, supporting that horizontal cells are a more plastic population than radial cells in aged mice ( Figure 7F ). However, and in contrast to young mice, neither the density of GFP + cells nor the density of GFP + horizontal cells in the aged SGZ increased after seizures ( Figures  7H-7J ). These data suggest that the quiescent state of Notchdependent NSCs in the aged mammalian brain is reversible but that NSCs fail to expand as efficiently as in the young brain.
DISCUSSION
Neurogenesis in the adult brain has been demonstrated in several mammalian species, including humans (Amrein and Lipp, 2009) , but the precise identity of adult NSCs and many of the molecular mechanisms regulating their fate have not been fully elucidated. Previous work demonstrated the requirement of Notch1 in multiple steps of adult hippocampal neurogenesis (Breunig et al., 2007) . Accordingly, Notch1 receptor expression and cleavage was found both in progenitors and neurons of the DG (Breunig et al., 2007) . By using a transgenic approach, we show that NSCs in the adult DG depend on canonical Notch/ RBP-J signaling and express Hes5 whereas IPs and neuronal precursors do not. Canonical Notch/RBP-J signaling and Hes5 expression label a fraction of the Sox2 + progenitors in the DG, and based on their in vivo and in vitro characteristics, we define the Hes5::GFP + cells as NSCs.
Neurogenesis in the adult DG is a multistep process dynamically regulated by several factors (Jessberger and Gage, 2008; Zhao et al., 2008) . Each of these modulators may act at one or multiple levels of the neurogenic lineage. There are hints that some regulate proliferation of early progenitors including NSCs (Hü ttmann et al., 2003; Steiner et al., 2008; Suh et al., 2007) . We demonstrate that Hes5::GFP + NSCs directly respond to modulatory stimuli, showing that reactive neurogenesis acts very early in the neurogenic lineage (Graphical Abstract available online). This does not exclude that further regulation occurs in more differentiated cell types. Consistent with the theory, we show that the NSC pool labeled by Hes5::GFP is rather quiescent (PCNA À and does not incorporate S phase label), with only a fraction of cells proliferating at any given time. However, the magnitude of the active NSC population dynamically changes according to demand. This can be achieved through different mechanisms in different paradigms, as a result of recruitment of quiescent cells to the active pool or symmetric expansion of the active pool itself (Graphical Abstract). A physiological regulator of neurogenesis like exercise activates some quiescent radial Hes5 + NSCs. This is intriguing because, based on their proliferation status, these cells seem not to contribute majorly to neurogenesis in the DG under normal conditions. These findings support the view that radial NSCs are a reserve pool of cells that can be called upon to increase the neurogenic process in response to changes in conditions, but this remains to be shown by genetic labeling. On the other hand, seizures activate quiescent NSCs and also expand the active neurogenic population. Thus, we propose that the NSC pools themselves are subjected to dynamic regulation and expansion. These dramatically different modes of regulating neurogenesis could be exploited to increase neurogenesis to repair brain damage or neuronal loss. In this respect, a fundamental question is: how much plasticity does the aged brain retain? Because DG neurogenesis actively contributes to memory and cognitive performance, which are heavily impaired during aging (Clelland et al., 2009; Garthe et al., 2009; Shors et al., 2001) , it is critical to understand the models and mechanisms of generating new neurons in situ. It is likely that a combination of factors such as reduced proliferation, impaired neuronal differentiation, and alterations in the neurogenic niche are responsible for loss of neurogenesis. Although data suggest Table S5 . Scale bars represent 50 mm in (B) and (C) and 10 mm in (G).
that a net increase in new neurons cannot be induced in the aged brain, even by strong activators of neurogenesis like injury and seizures Rao et al., 2008) , other reports indicated that generation of new neurons can be partially restored by physical activity and environmental enrichment (Kempermann et al., 2002; van Praag et al., 2005) . However, it is not known whether alterations or loss of the NSCs pool is one of the factors that accounts for reduced neurogenesis . Our data show that reduced proliferation of NSCs has a major effect on neurogenesis in aging, and the reduction in NSCs is mostly attributable to loss of the active pool whereas the majority of quiescent NSCs are still present (Graphical Abstract). Based on continued Notch activity in the SGZ NSCs, it is not a lack of canonical Notch signaling that causes reduced neurogenesis but an imbalance between maintenance and differentiation. Based on our thymidine analog/PCNA labeling experiments, active NSCs have a cell cycle time <24 hr ( Figures 2F, 3B , and 3G) and imply that active NSCs can leave and reenter the cell cycle at a later stage ( Figures 3F-3L) . Therefore, the mitotic status of neurogenic NSCs is not fixed and they can dynamically shuttle between the active and quiescent pools. Recent retroviral labeling data suggested that proliferating cells predominantly generate neurons and rarely give rise to quiescent radial cells (Suh et al., 2007) and therefore, we propose that horizontal NSCs retain their morphological characteristics and just change their proliferative status. Because of the consistent and conserved activity of Notch in both quiescent and actively dividing NSCs in young animals, it is unlikely that Notch signaling alone is modulating the proliferative state of NSCs in the DG. This is reminiscent of skeletal muscle where satellite stem cells remain in old mice but fail to be activated because of imbalance between Notch and TGF-b signaling resulting in ineffective regeneration of muscle fibers after lesion (Carlson et al., 2008) .
We show that seizures can activate quiescent NSCs and induce them to proliferate, indicating that they can be targets to reinstate neurogenesis. However, reactivated quiescent NSCs fail to expand symmetrically in the aged DG and inducing proliferation is not sufficient for productive neuron formation . Thus, additional factors promote neuronal differentiation and survival and these are also altered in the aged brain. It will be critical to determine which pathways are modulated or lost with age and those that are activated by seizures.
We confirm with independent approaches that a Sox2 + horizontal cell population in the SGZ contains active NSCs. Whether distinct NSC populations have different requirements for their maintenance and differentiation and different morphologies truly reflect different functions is unclear. We provide evidence that NSCs with radial and horizontal morphologies share a common dependence on canonical Notch signaling and both express Hes5. Unexpectedly, and despite these similarities, radial and horizontal NSCs behave strikingly differently in different situations. Horizontal NSCs are the active neurogenic population in the SGZ, probably giving rise to Mash1 + IPs by asymmetric cell division and subsequently neuroblasts ( Figure 1N ). Hes5 + horizontal NSCs represent about 1/3 of all proliferating cells and this population is lost or exhausted with age.
A similar situation of dual NSC populations exist in the adult olfactory epithelium where basal cells can be recruited under lesion conditions (Leung et al., 2007) . A similar mechanism may be present in the adult DG, with horizontal active cells being the major neurogenic population under normal conditions and quiescent NSCs being selectively recruited to increase or replenish the active pool. In the future, it will be fundamental to elucidate the relationship between radial, horizontal, and horizontal active cells and whether these subpopulations are within the same lineage or act independently in parallel to produce differentiated progeny.
EXPERIMENTAL PROCEDURES
Animals, Administration of Thymidine Analogs, Tissue Preparation, and Immunhistochemistry Mice were maintained according to institutional regulations under license numbers H-05/01, 0-06/02, G-09/18, G-09/19, and G-08/26 (Ethical Commission Freiburg, Germany). BrdU, CldU, and IdU (Sigma) were administered in the drinking water or by i.p. injection at equimolar ratios (Supplemental Experimental Procedures). For tissue collection and histology, mice were deeply anesthetized and perfused with ice-cold 4% paraformaldehyde (PFA). Immunostaining of coronal sections was performed as described previously and antibodies used are listed in Supplemental Experimental Procedures.
FACS Sorting and Precursor Cell Cultures, RNA Isolation, RT-PCR, and PCR
The DG of 8-week-old Hes5::GFP mice were micro-dissected and mechanically dissociated. Cells were sorted by FACS and gating on GFP À (wild-type levels) and GFP + populations. The cells were cultured and RNA isolated and PCR performed as described in Supplemental Experimental Procedures. Three independent lines of hippocampal neural progenitors were derived from Hes5::GFP + mice and analyzed.
Intracranial AraC Infusion for Regeneration, Running, and Induction of Epileptic Seizures AraC treatment of 3-month-old mice is described in Supplemental Experimental Procedures. The running paradigm has been described previously (van Praag et al., 1999a (van Praag et al., , 1999b 
